Abstract -The objective of this work was to perform a sensitivity analysis of the main input parameters required for the AquaCrop water balance model, using biomass and grain yield data of a rainfed-simulated corn crop, obtained along the climate data series of 1987-2016 in the South of Brazil. The levels of soil-water stress and the depths of maximum effective rooting were the input parameters that most affected the biomass and grain yields simulated by the model, followed by the crop coefficient, water-use efficiency, soil water storage capacity, and contribution of groundwater to water availability in the root zone. The parameters crop cycle duration, plant density, pattern of soil-water extraction, and field surface practices showed little or no impact on the final results. AquaCrop is a robust water balance model, with small or moderate general sensitivity to variations of the main input parameter values, which makes it applicable to situations with field data limitations.
Introduction
Soil-water balance is an important tool for the management of rainfed and irrigated crops that has been receiving quantitative and qualitative improvements. Older soil-water balance models are based on simple accounting methods to assess the inflow and outflow of water in the soil-plant-atmosphere system. In these models, a portion of the rain infiltrates the soil, the plants absorb the water stored in the root zone, and the moisture is released back into the atmosphere through transpiration. In the simplest form, like the Thornthwaite-Mather's classical model (Thornthwaite & Mather, 1955) , a soil-water balance is assessed by few input-output variables in a mass conservation equation, and the plant factors are barely considered. Subsequent improvements in classical models added plant parameters, but the plant phenology was synthesized in a single coefficient (Kc) obtained experimentally (Nolz, 2016) .
More recent physical models to evaluate soilwater balance are based on the interaction between plant growth, or development, and water usage − a recurring process that affects the water storage in Pesq. agropec. bras., Brasília, v.53, n.8, p.934-942, Aug. 2018 DOI: 10.1590/S0100-204X2018000800008 the soil. AquaCrop (Raes et al., 2017) and DSSAT (decision-support system for agrotechnology transfer) (Hoogenboom et al., 2015) are physical model examples that include plant physiology, soil properties, crop management, and climate data. These models consider the plant physiology processes affected by water stress, such as plant canopy expansion and senescence, stomatal conductance, and harvest index. In addition, AquaCrop and DSSAT consider the effects of critical temperatures, soil fertility, salinity, and atmospheric CO 2 concentration on the plant growth and development. AquaCrop has a user-friendly modular interface that assists in the climate, soil, phenology, plant, and crop management data input (Raes et al., 2017) . Moreover, its interface allows of the setting of several builtin functions that are necessary to simulate soil and plant changes due to water availability throughout the crop cycle. Climate, soil, plant and crop management data allow of the integration of water balance to a plant growth model and, thus, several scenarios can be created to simulate the effects of the soil-water availability on crop biomass and grain yield. In addition, climatological data series can be input in the AquaCrop to assess impacts of climate change on crop production, and identify frequencies of crop losses due to water stress.
However, models such as AquaCrop require calibrated regional data sets for reasonable results. Therefore, several studies have been applying and testing the AquaCrop model around the world in recent years (Salemi et al., 2011; Mabhaudhi et al., 2014; Toumi et al., 2016) . Some of these works have been carried out in Brazil. Minella et al. (2014) assessed the limitations and potential uses of this model for prediction of crop failure events; Alencar (2014) performed a parameterization and validation study for sugarcane; and Battisti et al. (2017) carried out a comparative study with similar models. According to these studies, parameterization is essential for the applications of soil-water balance models in field conditions. Therefore, the use of simulations to evaluate the AquaCrop parameters can assist in choosing the input values for further field calibration and validation studies, and can guide research efforts towards components with greater impact on the results (Stricevic et al., 2011; Nyakudya & Stroosnijder, 2014) . Furthermore, in multidimensional problems, such as the soil-water balance, the quality of physical models are dependent on the accuracy of the input values, and on suitable parameter selection criteria (Benke et al., 2008; Hamel & Guswa, 2015) .
The objective of this work was to perform a sensitivity analysis of the main input parameters required for the AquaCrop water balance model, using biomass and grain yield data of a rainfed-simulated corn crop, obtained along the climate data series of 1987-2016 in the South of Brazil.
Materials and Methods
The study was carried out using the AquaCrop Standard Windows Programme, version 6.0 (Raes et al., 2017) . The concepts and underlying principles of the model were described by Steduto et al. (2009) , and its technical description was described by Raes et al. (2009) .
Concórdia, a municipality of Santa Catarina, Brazil, was the selected site for the application and analysis of the model input parameters, and a rainfed-corn crop was used as a test-crop because of its regional economic importance, since the Concórdia microregion is responsible for 6.5% of the total corn grain production of this state (Boletim…, 2017) .
AquaCrop multiple run projects used a daily meteorological data series from 1987 to 2016, composed of rainfall, minimum, and maximum air temperatures, as well as relative humidity, average wind speed, and hours of bright sunshine. The ETo calculator 3.2 (FAO, 2017) was used to estimate the Penman-Monteith reference evapotranspiration (Allen et al., 2006) , with basis on daily minimum and maximum temperatures, mean daily relative humidity, mean daily wind speed, daily hours of bright sunshine, station characteristics (latitude, longitude, altitude, location, and humidity/wind regional patterns), and Angstrom equation coefficients "a" equal to 0.25 and "b" equal to 0.50. The daily data series was obtained from the weather station of the Centro Nacional de Pesquisa de Suínos e Aves (Embrapa Suínos e Aves, 2017), in Concórdia, SC (27°18'48"S, 51°59'34",W, at 548 m altitude). The climate of Concórdia is Cfa, according to the Köppen-Geiger´s classification, with average annual precipitation of 1,900 mm, and average monthly temperature ranging from 14.4°C (July) to 24.4°C (January). Reference parameters were taken from the conservative values presented by Hsiao et al. (2009) for corn crop, and input in the AquaCrop program (Raes et al., 2017) . AquaCrop default values for main parameters, and ranges used in the sensitivity analysis simulations, are presented (Table 1 ). The settings of minor parameters were maintained in accordance with the default options, in order to achieve comparable results on all simulations.
The crop canopy development was adjusted by the growing degree-day method, with base temperature of 8.0°C and upper temperature of 30.0°C. September 1 was the sowing date used in all simulations because it is the beginning of the corn planting season in Concórdia SC. Crop response to soil salinity and fertility was not considered in this study.
The soil used in the AquaCrop multiple run projects was a Rhodic Kandiudox (Nitossolo Vermelho distroférrico) based on the characterization by Baldissera et al. (1997) , as following described for the main AquaCrop needs. Horizon 1: top silt clay soil layer of 0.60 m; 22% permanent wilting point (PWP); 34% field capacity (FC); 57% saturation; 200 mm per day saturated hydraulic conductivity (Ko); 0% gravel All factors set in each of the soil water stress levels provided in the software. -Individual factor relative effect:
Each individual factor set in to maximum sensitivity to water stress, and the other factors set in to moderately tolerant to water stress. -28-20-10; 30-27-23-20; 25-25-25-25; 20-23-27-30 Growing cycle (degree-day) The following conditions were considered to run the simulations: initial soil-water content at field capacity; no stress in the initial crop development and production; 0.10 m (minimum default level) initial rooting depth; and perfect weed management. The initial field management practices (crop type, treatment, and hydrologic conditions) that affect the surface runoff was also considered, increasing the CN computed by Ko in 7%; therefore, the referential CN was about 65 in the simulations, with no effects of field practices on the runoff.
Only the water stress effect on harvest index (HI) during flowering (failure of pollination) was tested in the present work. The water stress effect on HI before flowering and during grain formation was set as being of small level in all running tests.
The reference parameterization was set (Table 1 ) for the AquaCrop parameter sensitivity analysis, and the effect of each parameter on the results was quantified by two model outputs, which are the relative aboveground biomass production (B relative ) and the reference harvest index (grain yield calculated by B relative × HI o ) ). The relative aboveground biomass production is the ratio between the actual biomass production from the model and the potential biomass production under nonstressed conditions. The reference harvest index is a specific cultivar parameter, obtained from the ratio between the yield mass and the total aboveground biomass that will be reached at maturity under nonstressed conditions. A 50% HI was used in all simulations.
Statistical analysis of the mean relative biomass and grain yield obtained in the simulations were carried out, considering each parameter input value, or option, as a treatment, and each year of the time series as a replicate. The means were compared by the nonparametric Kruskal-Wallis analysis (Campos, 1983) by ranks and median test, and multiple comparisons of mean ranks for all groups, due to the high amplitude of the standard deviations of the treatments. The hypothesis Ho (no significant differences among the treatments) was rejected when the p-value was lower than 5%.
Results and Discussion
Simulation results of the AquaCrop from the main input plant parameters used in the present work are expressed as mean values of corn relative biomass and grain yield, computed from the 1987-2016 time series (Table 2 ). The first and second rows in this table show the results of the plant-and soil-water stress parameters. AquaCrop divides the corn-water stress into five main factors: canopy expansion, stomatal closure, early canopy senescence, aeration stress due to waterlogging, and effect on the harvest index (HI), before and during flowering (failure of pollination), and during grain formation stages. Each of these factors can be set from extremely sensitive to extremely tolerant level. Except for aeration stress factor, which takes into account the percentage of soil volume free from water, the sensitivity, or tolerance, to water stress modify in other factors the upper or lower-soil-water depletion fraction (p). Fraction "p" is a typical way used in several soil-water balance models to indicate the point at which soil-water can reach before causing plant-water stress (Ranatunga, 2008) . The first row of Table 2 shows that there were significant differences in the simulated, relative biomass in corn and grain yield, when the five plant-and soil-water stress factors were set to the same level. According to the results, the mean relative biomass (82%) and grain yield (8.24 Mg ha -1 ) were about 3-fold higher at extremely tolerant level for water stress than at extremely sensitive level (30% and 2.74 Mg ha -1 , respectively). However, extreme conditions for all factors are unrealistic expectations only used to show the possible range values between all favorable and all unfavorable conditions. Additionally, commercial corn production should use a combination of sensitivity and tolerance to water stress factors that allows achieving high yields with some safety against drought events (Araus et al., 2012) .
As to severe corn losses due to drought, Table 3 shows the number of years in the time series 1987-2016 that had total failure in simulated corn production, obtained by the AquaCrop. Out of the simulated 29 years, 18 (about 60%) had total failures using extremely Pesq. agropec. bras., Brasília, v.53, n.8, p.934-942, Aug. 2018 DOI: 10.1590/S0100-204X2018000800008 sensitive parameters, and none had total failures using tolerant, or extremely tolerant parameters. A high number (10) of failures were also obtained using moderately sensitive parameters, indicating that this option is also unrealistic with the climatic conditions of southern Brazil. For instance, Bergamaschi et al. (2006) obtained corn yields in nonirrigated plots of up to 85% lower than in irrigated ones, in a long-term experiment (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , and no total yield loss was found, even in the driest years. Moreover, researches with irrigated corn (Payero et al., 2009; Popova et al., 2006) indicate a limitation by soil-water depletion similar to the Aquacrop tolerant and extremely tolerant options, for corn stages with higher-water demand. The Aquacrop simulation with plant parameters set to corn reference parameterization (Table 1) , and middleclass values for soil and crop management, showed no total failure of corn yield in the period from 1987 to 2016. Thus, the corn reference parameterization in AquaCrop defaults seems to be adequate for places without calibrated field data, as indicated by Stricevic et al. (2011) .
The relative effect to each of the five plant soilwater stress factors (canopy expansion, stomatal closure, early canopy senescence, aerations stress and effect on harvest index during flowering) is showed in the second row of Table 2 . The simulations were performed by adjusting an individual factor at maximum sensitivity, while keeping the others at moderately sensitive levels. For instance, canopy expansion was set up as extremely sensitive, while the other factors were kept as moderately sensitive, and biomass and grain yield decreased respectively 9 and 10%, in comparison to the option in which all factors were set up as moderately sensitive (first row of Table 2 ). Although the corn relative biomass and grain yield have shown no significant differences among the different stress factor combinations, there were many cases of crop failures in all combinations, mainly for the early canopy senescence factor (Table 3) , which showed 19 crop failures in 29 years of simulation. This indicates that any of the plant stress factors set to extremely sensitive is able to cause crop failure, but the early canopy senescence has great effects on the crop. In this case, the early canopy senescence set up as extremely sensitive produced 50% less grain than when all five plant-and soil-water stress factors were adjusted as moderately sensitive (2.60 Mg ha -1 against 56 Mg ha -1 ). George et al. (2013) obtained a higher HI in irrigated than in nonirrigated corn crops, and confirmed the positive relationship between biomass and grain yield; this result reinforces the canopy effect on corn productivity.
The next plant parameter in with significant effects on corn relative biomass and grain yield was the root deepening, which determines the effective root zone ( Table 2 ). The results showed that both relative biomass and grain yield had a high increase for a root depth from 20 to 40 cm, and a low-increase rate from this layer (Figure 1 A) . In contrast with the Aquacrop reference parameterization (Table 1) , a maximum depth of 60 cm for a shallow-medium rooting was used in the present work, but the water stress effects were significant only at depths lower than 45 cm. This result is in accordance with the root distribution pattern of corn described by Fan et al. (2016) − 50% of the root mass is concentrated at the first 15 cm of the soil, and 95% are distributed up to 90 cm depth.
Although a reduction of the plant water stress by the water uptake in deeper layers was expected, changes in the water extraction pattern in the effective root zone did not significantly affect the corn relative biomass or grain yield. In other words, the increase of water uptake from the soil deeper layers caused no significant effects on simulated biomass or grain yield. However, some works indicate that rainfed corn uptakes proportionally more water from deeper layers than well-watered corn plants (Djaman & Irmak, 2012) .
The sensitivity analysis for the plant parameters growing cycle, crop coefficient, and crop water productivity showed significant but elusive effects on the corn relative biomass and grain yield simulated by AquaCrop ( Table 2 ). As to growing cycle, corn with very short cycle (ultra-early) had higher-relative biomass than corn cultivars with longer cycles (extra- early to normal), but lower-grain yield. Corn cultivars with short cycles had less water stress in the long-term simulation; thus, its relative biomass was close to the biomass potential production that could be obtained without water stress. However, corn grain yield increased as the cycle extended because AquaCrop computes the total biomass and grain yield based on the amount of water used by the crop over the cycle, that is, the final corn yield is directly related to the total amount of water used by the plants throughout the cycle. For the same reason, there was a negative correlation between crop coefficient (Kc) and relative biomass, and a positive correlation between Kc and grain yield (Table 2 , penultimate row). The relative biomass or grain yield found in each tested Kc were not significantly different from the Kc of 1.05 − a reference parameter to corn in the AquaCrop default (Table 1 ). In turn, the grain yield increased in a constant rate over the crop water productivity scale used due to the increasing water use efficiency of plants (Table 2) , but this factor in Aquacrop is a cultivar attribute that no longer depends on crop management, or climatic variables .
The sensitivity analysis of the soil (water holding capacity and water table depth), and crop management (plant density, effect of field surface practices on runoff and mulches) parameters is showed in Table 4 . Variations in the soil water holding capacity affected the corn relative biomass and grain yield because of either increases or decreases in total water available throughout the cycle. Increased soil-water storage caused a gradually increasing of the mean relative biomass (Figure 1 B) and grain yield, but large changes in the water storage capacity of the soil are required to cause significant effects. However, this is a positive characteristic because the AquaCrop model does not require precise data about soil properties, and it is applicable to places where soil data are often lacking. The effects of the shallow water table on corn relative biomass and grain yield were significant; however, this parameter should be considered only in situations in which the water table variations are known (Florio et al., 2014) . Changes of the crop management parameters caused no expressive effects on corn relative biomass, or grain yield, except when the CN factor was set to very high (around 85) (Table 4) . In this case, the high CN values indicated that the field surfaces practices increased the runoff and, consequently, decreased the water infiltration, and reduced the water storage in the soil. Likewise, the mulch cover did not cause significant effects on both corn relative biomass and grain yield (Table 4) .
In short, Aquacrop model showed a moderate sensitivity to changing input parameters when applied to rainfed corn in southern Brazil. The greatest effect on the results was caused when the plant-soilwater stress factors were all set from moderate to extremely sensitive levels. Within this range, the most pronounced effect on relative biomass and grain yield was caused by early canopy senescence, which affects the photosynthetic process and reduces the agronomic performance of corn (Araus et al., 2012) . The plant parameters root deepening and Kc caused significant effects, but only on extreme levels as those of very shallow soil condition (< 45 cm), or Kc values too far from the reference value (Kc = 1.05) ( Table 1) . The increase of water holding capacity of the soil had positive effects on corn biomass and grain yield, as well as the depth of the water table, with levels near to those of the root zone. Since these factors can vary greatly from location to location, proper soil data are necessary for coherent results. In turn, changes of crop management parameters resulted in no significant effects on the corn biomass and grain yield. Therefore, AquaCrop should be used with caution, when the purpose is to evaluate land and crop management practices.
Conclusions
1. AquaCrop is more sensitive to plant factors that are related to the corn sensitivity or tolerance to soilwater stress, especially the early canopy senescence.
2. AquaCrop presents sensitivity to root deepening and water holding capacity of the soil, but significant changes in long-term means of corn biomass, or grain yield, only occur when extreme values of these parameters are used in the simulations.
3. The presence of groundwater table in shallow depth below the root zone causes positive effects on capillary raise and soil-water content, indicating that this variable should only be considered if proper water table depth data are available for the study location.
4. AquaCrop shows small or no sensitivity to soil and crop management parameters, indicating that this model is not adequate to evaluate land and crop management effects on the soil-water balance.
5. AquaCrop is a soil-water balance model that can be used reliably in southern Brazil to simulate longterm soil-water stress effects on corn biomass and grain yield, requiring a few settings for the default plant and soil parameters.
